We conducted an experiment for 112 d with yearling beef heifers to evaluate the effects of cottonseed meal (CSM) fed with various concentrations of vitamin E on hematological and tissue components. Heifers were assigned randomly to four treatments, with eight heifers per treatment. The treatments consisted of the following dietary supplements: 1 ) CON, based on soybean meal with 30 IU vitamin E/kg; 2 ) GOS, based on CSM with 30 IU vitamin E/kg; 3 ) G+2E, based on CSM with 2,000 IU vitamin E·animal −1 ·d −1 ; and 4 ) G+4E, based on CSM with 4,000 IU vitamin E·animal −1 ·d −1 . Supplements based on CSM provided 4.5 g of free and 50.5 g of total gossypol·animal −1 ·d −1 . The total gossypol present in the supplements was 29.1% of the negative isomer ( −) and 70.9% of the positive isomer (+). Blood samples were collected at the start of the experiment and every 2 wk thereafter up to 16 wk. There was a time × treatment interaction ( P < .01) for plasma atocopherol ( a-T) concentration; however, feeding gossypol did not decrease plasma a-T. Weight gain, retinol palmitate, retinol, b-carotene ( b-C), hemoglobin, and hematocrit were not affected by treatment. Erythrocyte osmotic fragility (EOF) increased ( P < .05) in gossypol-fed animals; however, vitamin E supplementation lowered EOF ( P < .05). Heifers fed the supplements GOS, G+2E, and G+4E had greater ( P < .01) plasma ( −)-, (+)-, and total gossypol than heifers fed CON from Collection 2 to the end of the experiment. There was a treatment effect ( P < .05) on vitamin E and gossypol concentrations in different tissues, with no effect ( P > .05) for trace minerals (Cu, Zn, Fe, and Se). Vitamin E concentration in tissue increased with increased dietary supplementation of vitamin E. In heart and neck muscle, ( −)-gossypol was greater ( P < .05) than (+)-gossypol, but the reverse was true for liver. Gossypol decreased in vitro lipid peroxidation of liver homogenate in tissues. Gossypol deposition in tissue was liver > heart > muscle. In summary, gossypol from CSM did not decrease concentrations of antioxidant vitamins, including a-T, vitamin A, and b-C, or have any detrimental effect on performance of beef heifers.
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Introduction
Cottonseed and its by-products contain gossypol, a toxic pigment that limits their use in animal diets, especially those for nonruminant species. In ruminants, gossypol seems to have little effect when whole cottonseeds ( WCS) and(or) by-products are fed within safe limits (Calhoun and Holmberg, 1991) . Even though toxicity effects are expected when high Table 1 . Composition of dietary supplements a a Values are means of eight mixes ± standard deviation of the mean. b CON = soybean meal (SBM) + corn + 30 IU of vitamin E/kg; GOS = cottonseed meal (CSM) + corn + 30 IU of vitamin E/kg; G+2E = CSM + corn + 2,000 IU of vitamin E·animal −1 ·d −1 ; G+4E = CSM + corn + 4,000 IU of vitamin E·animal −1 ·d −1 . concentrations of free gossypol ( FG) are fed, ruminants have the capacity to detoxify large amounts by binding it to soluble proteins in the rumen (Reiser and Fu, 1962) . Gossypol affects liver functions, erythrocyte oxygen-carrying or -releasing capacity, respiration rate, feed intake, and production and reproduction efficiency (Lindsey et al., 1980; Gray et al., 1990; Brocas et al., 1997) . Bender et al. (1988) found that tissue a-tocopherol ( a-T) , ascorbate, glutathione peroxidase, and other antioxidants were decreased by feeding rats high concentrations of gossypol. The effect of gossypol on animals may be related to the formation of free radicals or to a decreased concentration of antioxidants such as a-T and b-carotene ( b-C) (Lane and Stuart, 1990; Willard et al., 1995) . The effect of feeding high amounts of a-T on the gossypol status of heifers fed CSM has not been investigated. Therefore, the objective of this experiment was to evaluate the effects of high concentrations of supplemental vitamin E on gossypol status and physiological responses of beef heifers fed CSM.
Materials and Methods
Animals, Diets, and Management. Thirty-two yearling Limousin and Angus crossbred heifers, daughters of two sires and averaging 315 kg BW, were used in a 112-d experiment.
Animals were assigned randomly to one of four dietary supplements. Supplement 1 ( CON) was based on soybean meal ( SBM) , corn, and 30 IU of vitamin E/kg of dietary DM. Supplement 2 ( GOS) was based on CSM, corn, and 30 IU of vitamin E/kg of dietary DM. Supplement 3 ( G+2E) contained CSM, corn, and 2,000 IU of vitamin E·animal −1 ·d −1 , and Supplement 4 (G+4E) contained CSM, corn, and 4,000 IU vitamin E·animal −1 ·d −1 (Tables 1 and 2 ). Treatments based on CSM provided approximately 4.5 g FG·animal −1 ·d −1 (Table 3) . Vitamin E was provided as DL-atocopheryl acetate. Diets were formulated to provide equal amounts of CP and TDN, and to meet NRC (1984) nutritional requirements. Heifers were fed the supplement daily via automatic gates, and they had free access to water and poor-quality mature bermudagrass ( Cynodon dactylon) hay with an a-T concentration of 9.1 IU of vitamin E/kg DM. The protocol for all heifer procedures had been approved by the University Animal Use Committee.
Blood and Tissue Sampling and Analyses. Blood was collected every 2 wk via jugular venipuncture with an 18-gauge needle into heparinized vacuum blood collection tubes for a total of nine collections. Blood was analyzed for erythrocyte osmotic fragility ( EOF) , hemoglobin, and hematocrit. Erythrocyte osmotic fragility, measured as percentage of hemolysis, was evaluated in a .65% buffered saline solution as Risco et al. (1993) . The stock solution was 10% NaCl and included Na 2 HPO 4 . Hemoglobin was determined using a colorimetric procedure (Sigma Chemical Co., St. Louis, MO). Hematocrit was determined using a microhematocrit centrifuge (IEC MB Centrifuge, Needham Heights, MA). Blood was centrifuged for 25 min at 700 × g, and plasma was removed and stored at −20°C until analyzed for a-T (all collections), retinol ( RET) , retinol palmitate ( RETP) , b-C, alkaline phosphatase ( AP) , creatine kinase ( CK) (every other collection), and gossypol isomers (wk 0, 4, 8, and 16) . At the end of the experiment, animals were slaughtered and portions of liver, heart, and neck muscle (sternomandibularis) were collected and frozen at −20°C until analyzed for a-T, b-C, (+)-and ( −)-gossypol isomers, and total gossypol, Fe, Cu, and Zn. Liver samples were analyzed also for RET, RETP, and Se. Samples of supplements were collected and analyzed for a-T, RETP, Ca, K, Mg, Mn, P, CP, Fe, Zn, Cu, and Se. a-Tocopherol concentration was determined following the procedure described by Njeru et al. (1992) for plasma and by Njeru et al. (1995) for tissue and feed samples. Retinol, RETP, and b-C in plasma were analyzed as follows: 1 mL of plasma in a 16-× 125-mm glass tube was deproteinized with 1 mL of ethyl alcohol and .5 mL of a 25% ascorbic acid solution and was vortexed; samples were then doubleextracted with 3 mL of petroleum ether and kept in an ice bath. The petroleum ether extract was dried by evaporation under a stream of N 2 in a 35°C water bath, reconstituted in 750 mL of a solution of .1% acetic acid, 29.9% tetrahydrofuran, and 70% iso-octane with .2% added b-hydroxytoluene. The sample was separated in equal amounts in two sealed vials, one for RET and RETP and the other for b-C analysis.
Tissue and feed samples were prepared as follows: approximately 1 g of sample (fresh weight) and .1 g of ascorbic acid were homogenized in 10 mL of acetone; 1 mL of the homogenate was deproteinized with 1 mL of ethanol. After adding 2 mL of .9% saline solution, the mixture was vortexed for 6 min. The solution was double-extracted and reconstituted as with plasma. Retinol and RETP were determined by injecting 20 mL of the reconstituted extracted sample (plasma, tissue, or feed) into the HPLC system. The HPLC system consisted of a Perkin-Elmer 550 terminal (PerkinElmer, Analytical Instruments, Norwalk, CT), an ISS-100 auto sampler (Perkin-Elmer), a Series 4 liquid chromatograph pump (Perkin-Elmer), and a Lichrosorb Si 60 10-mm, 4-mm i.d. × 250-mm column (Hibar Fertigsaule RT prepacked column RT 250-4 E, Merck, Darmstadt, Germany). The mobile phase consisted of 70% iso-octane, 29.9% tetrahydrofuran, and .1% acetic acid. The UV detector was set at a wavelength of 325 nm and sensitivity of .005 absorbance unit full scale. Data were collected by an LCI-100 laboratory computing integrator (Perkin-Elmer). Flow rate was 1 mL/min. The retention time of RET was 6.1 min and for RETP 2.47 min. Standards consisted of 10 ng of RET (Sigma Chemical) and 10 ng of RETP (Sigma Chemical). Analysis for b-C was similar except that the mobile phase was 90% isooctane, 9.9% tetrahydrofuran, and .1% acetic acid; the wavelength was set at 450 nm, and the retention time was 3.05 min. The standard contained 100 ng of b-C (Sigma Chemical).
Cell-mediated immune response was measured on d 50 by determining the animal's ability to respond to phytohemagglutinin-P ( PHA; Sigma Chemical). Phytohemagglutinin-P was prepared in physiological saline solution appropriate for cattle to a concentration of 150 mg/.1 mL. The hair on the right side of the neck was clipped and skinfold thickness was then measured using constant tension skin-fold calipers. A PHA solution of .1 mL was injected intradermally at the clipped site and skinfold thickness was measured at 6, 12, 24, and 48 h after injection.
Stimulated lipid peroxidation was performed in liver samples according to a modification of the procedure of Kornbrust and Mavis (1980) . Briefly, approximately 1 g of fresh tissue was homogenized in 9 mL of 1.15% KCl solution. An aliquot (100 mL ) was incubated in a water bath at 37°C for a specified duration (0, 50, 100, and 200 min) with 500 mL of 8 mM Tris-malate buffer, 200 mL of 5 mM FeSO 4 ·7H 2 O, and 200 mL of 2 mM ascorbic acid solutions. Peroxidation was terminated by rapid addition of a 2-mL solution containing thiobarbituric acid (.375%) and 15% trichloroacetic acid in .25 N HCl, and boiling in a water bath for 15 min. The samples were then centrifuged for 15 min at 700 × g. The amount of colored product was measured spectrophotometrically at 535 nm. Lipid peroxidation was expressed as nanomoles of malondialdehyde ( MDA) per milligram of protein.
Enzymes activities were determined using kits (CK: Sigma Diagnostic Procedure No. 520; AP: Sigma Diagnostic Procedure No. 104). Minerals were quantified according to the procedures described by Velasquez-Pereira (1994) .
Samples of plasma, tissues, and supplements were shipped on Dry Ice to Texas A&M University Agricultural Center at San Angelo, TX, for gossypol analyses. High-performance liquid chromatographic procedures were used to determine concentrations of (+)-and ( −)-gossypol isomers in plasma and tissues and in supplements (Hron et al., 1995) . Free and total gossypol concentrations in the supplements were also determined by the Official Methods of the American Oil Chemists' Society (AOCS, 1985a,b) .
Statistical Analyses. Plasma, lipid peroxidation, and weight data were analyzed by repeated measures analysis of variance in a completely randomized design using the GLM procedure of SAS (1996) . The Greenhouse-Geiser Epsilon was used to determine significant levels for the F test. The model included the effect of sire, treatment, and the sire × treatment interaction. Sire was considered a random effect; hence, the interaction between sire and treatment was used as the error term for the treatment effect. Concentrations of the (+)-and ( −)-gossypol isomers and total gossypol in tissues were analyzed using PROC MIXED of SAS (1996) , with a nested mixed model where a 3 × 3 factorial design (three tissues × three gossypol values) was nested within each animal, and animals were nested within a 4 × 2 factorial design (four treatments × two sires, random). The nine measurements (three gossypol values for each of three tissues) per animal were assumed to be equally correlated with each other. Analyses of variables that contained single or calculated observations where performed by ANOVA (SAS, 1996) . These variables were concentrations of a-T, b-C, RET, RETP, and minerals in tissue. The effect of treatment was tested using the sire × treatment interaction. When the overall treatment effect was significant ( P < .05) or tended to be significant ( P < .1), separation of means was done using the Duncan multiple range test for all the variables except gossypol concentration in tissue, for which the Tukey test (PROC MIXED) was used.
Results and Discussion
Animal Performance and Blood Variables. Even though the intake of CSM was high (3.4 kg·animal −1 ·d −1 ) , calculated FG intake was approximately 600 mg of FG/kg of diet (based on an average intake of 7.5 kg of DM/d, NRC, 1984) , during the experimental period. This amount of FG intake (Table  3 ) was on the upper limit of the safe guidelines given by Calhoun and Holmberg (1991) . In order to achieve an intake of 4.5 g of FG·animal −1 ·d −1 , supplements had a high CP concentration, which was not representative of normal diets. This high concentration of dietary CP could have affected the absorption and metabolism of gossypol by supplying a greater number of free e-amino groups for gossypol to combine with in the digestive tract and then be excreted and(or) by facilitating the catabolism and detoxification of the absorbed gossypol (Abou-Donia, 1989 ). On average, supplements supplied the targeted amount of vitamin E (Table 1) . Average daily gain did not differ ( P > .1) among heifers fed the four supplements (Table 4) . Likewise, gain of beef heifers supplemented with 0, .5, 2.5, 5, 10, and 20 g of FG·animal −1 ·d −1 , did not differ in a study conducted by Gray et al. (1993) . Calk et al. (1992) reported that vitamin E or lysine supplementation for lambs fed a basal diet containing 20% CSM with .18% FG increased ADG over those lambs that did not receive vitamin E. Supplements had been provided for ad libitum consumption; therefore, increased DMI might have caused an increase in ADG. Also, a decrease in ADG may have been caused by the effect of gossypol on digestive enzymes of animals fed the unsupplemented basal diet. In vitro digestion of proteins by pepsin and trypsin was decreased when gossypol was added preceding enzymatic digestion in an experiment reported by Abou-Donia (1989) . The action of gossypol on the enzymes seems to be related to the binding of gossypol to the e-amino group of lysine on the protein substrate or to the zymogen that could not be converted to the active enzyme (AbouDonia, 1989 ). In our experiment, neither gossypol nor vitamin E supplementation affected body weight.
Alkaline phosphatase is a membrane-bound enzyme used for diagnosis of bone and liver disorders or drug exposure. Activity of AP is increased in response to primary or secondary hepatocellular disorders. Liver degenerative changes and hemorrhages are signs of gossypol toxicity. Even though the reference range for AP is wide for ruminants, changes in the activity of AP would indicate impaired liver function or damage. We did not find any changes ( P > .1) in plasma AP activities as a result of dietary supplementation (Table 5) . Also, there was no effect ( P > .1) of supplementation on plasma CK activity (Table 5) . Creatine kinase is an enzyme used in the diagnosis of muscular disorders. Gossypol has been found to cause edema, hypertrophy and heart dilatation, and degeneration of cardiac muscle in several species (AbouDonia, 1989) . Heart damage from these sources is similar to that caused by Se/vitamin E deficiency. Rats treated with 5 mg of gossypol/kg BW did not have increased serum enzymes that are usually taken as indicators of liver damage; however, gossypol treatment depressed the activity of liver enzymes (Gawai et al., 1995) . Enzymes activities found in the present experiment did not suggest liver or muscle damage by feeding gossypol at the concentration provided. Blood chemistry is not useful for monitoring gossypol toxicosis (Risco et al., 1992) , and changes in enzyme activities may be indicative of liver failure only during terminal stages of the disease in calves.
a-Tocopherol concentration in plasma ( Figure 1 ) showed a time × treatment effect ( P < .01). Animals supplemented with high amounts of vitamin E (G+2E and G+4E) had greater ( P < .05) a-T concentrations in plasma than did animals supplemented with a more typical amount (CON and GOS) from the second week to the end of the experiment (Figure 1 ). Heifers fed CON or GOS supplements had equal amounts of supplemental vitamin E (30 IU/kg) and similar analyzed concentrations (Table 1) . Therefore, at the estimated dietary vitamin E requirement for beef cattle, FG intake of 4 g/d did not decrease a-T concentration in plasma. Even though not statistically different, a-T concentration in plasma seemed to be greater in animals in the GOS than in the CON treatments. Animals in G+2E and G+4E did not show differences ( P > .1) in a-T concentration in plasma, but were greater ( P < .05) than the low vitamin Esupplemented treatments. A treatment with high vitamin E and no gossypol was not included in this experiment; therefore, one cannot speculate on the effect of gossypol on a-T concentration in plasma at high levels of vitamin E supplementation. However, the fact that no differences were found between the two high concentrations (G+2E and G+4E) suggests a decreased absorption of vitamin E when dietary intake of this vitamin is high. At high doses of vitamin E supplementation, the efficiency of vitamin E absorption decreased in rats absorbing only 1 to 5% of the dose (Hoffmann-La Roche Inc., 1994). Hydrolysis of vitamin E esters might be decreased when feeding high concentrations of the vitamin. Absorption of tocopherols depends on various factors, such as 1 ) pancreatic enzymes, 2 ) bile acids, 3 ) pH of intestinal contents, 4 ) intestinal motility, and 5 ) other food components-in particular, fatty acids. Also, a healthy liver is necessary for absorption and metabolism of vitamin E. The liver is targeted during gossypol toxicity, causing hemorrhage and degenerative changes.
Contrary to our results, Lane and Stuart (1990) reported that a-T and b-C concentrations in serum were decreased in dairy cows fed high concentrations of gossypol (approximately 40 g/d). In their study, however, no statistical data were shown, and, because of the difficulties in determining gossypol in a total mixed ration, the gossypol analysis reported may not represent the real values (M. C. Calhoun, personal communication) . In a more controlled study, Mena et al. (1996) reported that a-T concentrations in plasma were increased in lactating Holstein cows fed CSM, whole cottonseed, or both at levels to provide 900 to 1800 mg of total gossypol/kg of diet.
Erythrocyte fragility is a very sensitive indicator of systemic gossypol status because it appears shortly after gossypol consumption has started. Willard et al. (1995) found that by d 84 cows given 4 g of FG·animal −1 ·d −1 had lower ( P < .05) a-T concentrations in plasma than cows not fed gossypol. No supplemental vitamin E was given in this experiment (Willard et al., 1995) . These researchers choose four animals with the highest EOF from 17 that received 4 g of FG·animal −1 ·d −1 in a group-fed experiment to determine a-T concentration in plasma. It may have been possible that these animals consumed more supplement (high EOF potential) with low vitamin E content and consumed less forage, which would have been an excellent source of vitamin E.
In the present study, EOF in a .65% saline solution (Figure 2 ) revealed a time × treatment interaction ( P < .01). Cottonseed meal supplementation (GOS) tended to increase EOF ( P < .1) over CON at the sixth collection. However, in vitamin E and gossypolsupplemented animals (G+2E and G+4E), EOF did not differ ( P > .1) from CON animals. At collections for 8, 10, and 12 wk, CON animals had lower ( P < .05) EOF than did the rest of the treatments, but the animals supplemented with 4,000 IU of vitamin E·animal −1 ·d −1 tended to have lower ( P < .1) EOF than did animals that consumed gossypol with 30 IU of vitamin E/kg (GOS). By the end of the experiment (Collections 8 and 9), CON animals had lower ( P < .05) EOF than did the other treatments and vitamin E supplementation no longer had any effect on EOF. From these results, it seemed that vitamin E at high doses would slow down the increase in EOF for animals that consumed gossypol. The EOF increase in animals that consumed a gossypol-containing feedstuff is an indicator of gossypol intake, but its use as a diagnostic tool for gossypol toxicity is questionable. In this study, the effect of gossypol on EOF was not accompanied by any other clinical signs of gossypol toxicity.
It is difficult to explain the EOF results because the mechanism of gossypol effect on the erythrocyte is not well understood. From in vitro experiments, the effect of gossypol on cells has been explained by the ability of gossypol to interact with proteins, especially those that are membrane-bound, and by binding and modifying the properties of the lipid bilayer matrix (Reyes et al., 1984) . These researchers found that gossypol binds strongly to bilayers of different lipid compositions and induces an electrical conductance that is accompanied by an increase in proton permeability. Furthermore, they showed that gossypol caused an increase in diffusion in lipid membranes in the presence of NaCl, which could explain the increase in EOF found in our experiment. de Peyster et al. (1986) found an increase in membrane permeability because of gossypol treatment and suggested that degeneration of cell membranes at all levels of organization may exist with acute prolonged exposure to gossypol in vivo. More evidence on the effect of gossypol on membranes was reported by Tanphaichitr et al. (1995) , who found that gossypol at low concentrations intercalates in the phospholipid bilayer; the hydrophobic domains of the gossypol interact with the phospholipid hydrocarbon chain, and the hydrophilic groups of the toxicant are exposed to the aqueous phase. The intercalation of gossypol into a lipid bilayer, such as the erythrocyte membrane, would alter its fluidity and, therefore, may explain increased erythrocyte fragility. de Peyster et al. (1986) found that the effect of gossypol in lipid membranes is dependent on the lipid composition, and membranes high in cholesterol show very little gossypol effect. This finding led them to hypothesize that gossypol and cholesterol may occupy the same domains in the membrane, which leaves little opportunity for insertion of gossypol into the cholesterol-rich domains, or that gossypol may bind either more efficiently or exclusively to the fatty acid and(or) other noncholesterol lipid components of membranes than it does to cholesterol. a-Tocopherol, as well as cholesterol and gossypol, are located in the lipid membranes of the cell; therefore, it may be that, in the present experiment, vitamin E decreased the effect of gossypol on EOF by occupying the same domain in the membrane and thus reducing the intercalation of gossypol into the lipid membrane of the erythrocyte. However, at the end of the experiment this effect was not seen because gossypol effects are both time-and dose-dependent, and multiple oral doses gradually increase the amount of the toxicant retained in the body. Gossypol's effect on EOF has been reported in several studies with cattle (Lindsey et al., 1980; Risco et al., 1993; Willard et al., 1995) . In the present study, supplementation treatments did not affect ( P > .1) concentrations of RETP, RET, total retinoids, and b-C in plasma (Table 6 ). Analysis of composite feed samples from each dietary supplement indicated a higher concentration of vitamin A in CON than in the other treatments (Table 1 ) even though all treatments had 20,000 IU vitamin A·animal −1 ·d −1 added to the supplements. This was not reflected in greater RET, RETP, or total retinoid concentrations in plasma, which agree with data reported by Eicher et al. (1994) who reported that concentrations of RET and RETP in plasma did not reflect supplementation of vitamin A at normal doses. Similarly, Westendorf et al. (1990) did not find increased vitamin A concentration in plasma of steers fed normal concentrations of the vitamin. In a study with cottonseed products, b-C concentration in plasma of cows supplemented with 4 g of FG·animal −1 ·d −1 was lower than that of cows receiving 0 g of FG·animal −1 ·d −1 by d 84 after initiation of supplementation (Willard et al., 1995) . These authors related this change to seasonal availability of b-C in forages rather than any effect of gossypol on b-C concentration in plasma.
Treatment tended to affect ( P < .1) hemoglobin concentration (Table 7) . In Collections 7 and 9, heifers fed GOS and G+2E had lower ( P < .05) blood hemoglobin concentrations than CON-fed heifers. Blood hematocrit did not change ( P > .1) during the experimental period (Table 7 ). All hematocrit values Table 7 . Effect of cottonseed meal (CSM) and vitamin E on blood hemoglobin and hematocrit of beef heifers a a Least squares means. b CON = soybean meal + corn + 30 IU of vitamin E/kg; GOS = CSM + corn + 30 IU of vitamin E/kg; G+2E = CSM + corn + 2,000 IU of vitamin E·animal −1 ·d −1 ; G+4E = CSM + corn + 4,000 IU of vitamin E·animal −1 ·d −1 .
c Standard error of the least squares means. d,e,f Least squares means with different superscripts in the same column differ ( P < .05). were within the normal range for cattle, although hemoglobin values were greater than the suggested normal range for this class of animals. Lindsey et al. (1980) reported lower blood hemoglobin ( P < .07) concentrations in dairy cows fed 3.5 and 24.2 g of FG·animal −1 ·d −1 . Similar results were reported in dairy calves (Risco et al., 1992) . Our results agree with those of Risco et al. (1993) , who found no clinical or hematological evidence of decreased survival of red blood cells.
Gossypol enantiomers have different toxicological and pharmacokinetic effects. Calhoun et al. (1995) suggested that plasma gossypol reflects the availability of gossypol in the diet and the proportion of isomers in the gossypol source being fed. Furthermore, they suggested that gossypol concentrations in plasma Figure 5 . Effect of cottonseed meal (CSM) and vitamin E on plasma total gossypol. Supplements were CON (∫) = soybean meal + corn + 30 IU of vitamin E/kg; GOS (π) = CSM + corn + 30 IU of vitamin E/kg; G+2E (◊) = CSM + corn + 2,000 IU of vitamin E·animal −1 ·d −1 ; G+4E (⁄) = CSM + corn + 4,000 IU of vitamin E·animal −1 ·d −1 . Standard errors for each collection (C) were C1, .07; C3, .63; C5, .50; and C9, .73. Collection periods correspond to wk 0, 4, 8, 12, and 16 of the experiment. Figure 6 . Effect of cottonseed meal (CSM) and vitamin E on liver (L), muscle (M), and heart (H), and (+)-and (−)-gossypol concentrations. Supplements were CON = soybean meal + corn + 30 IU of vitamin E/kg; GOS = CSM + corn + 30 IU of vitamin E/kg; G+2E = CSM + corn + 2,000 IU of vitamin E·animal −1 ·d −1 ; and G+4E = CSM + corn + 4,000 IU of vitamin E·animal −1 ·d −1 . Standard errors of CON, GOS, G+2E and G+4E respectively were L+: 1. 2, 7.8, 7.3, and 7.3; L−: 3.0, 3.4, 3 .1, and 3.1; H+: .5 for all; H−: 3.9, 4.2, 3.9, and 3.9; M+: .1 for all; and M−: .3 for all.
reach a plateau at approximately 4 to 6 wk and remain fairly constant until the diet is changed. Plasma total gossypol and ( −) -and (+)-gossypol isomers as affected by dietary supplement are presented in Figures 3, 4 , and 5, respectively. The ( −)-and (+)-isomers and total gossypol concentrations in plasma of heifers on GOS, G+2E, and G+4E treatments increased ( P < .05) from the initial sampling to the end of the experiment and were similar ( P > .1) for the three treatments that received CSM. Heifers in the CON treatment had lower ( P < .05) gossypol concentrations than did those in the other three treatments after the first collection. Total gossypol concentrations in plasma were all lower than the safer upper limit of 5 mg/mL proposed by Calhoun et al. (1995) . Lower concentrations of total gossypol in plasma were reported by Lindsey et al. (1980) in cows fed 3.5 or 24.2 g of FG·animal −1 ·d −1 ; however, the procedures used to measure plasma gossypol were different in the two studies. Also, Lindsey et al. (1980) did not find differences in plasma gossypol concentrations between the two levels of FG intake, which raises a concern as to whether FG in feed is a reliable indicator of bioavailability. Calhoun et al. (1995) reported that dairy cows that consume from 27.2 to 33.8 g of total gossypol·animal −1 ·d −1 from whole cottonseed had average plasma gossypol concentrations of 3.0 mg/mL with a range of 1.2 to 5.8 mg/mL.
The ( −)-gossypol isomer has been found to disappear at a faster rate from the body than does (+)-gossypol. This might result from either a faster rate of elimination or because ( −)-gossypol is more likely to be metabolized in vivo than is (+)-gossypol, therefore explaining its higher biological activity (Matlin et al., 1985) . Daily dosage of gossypol was eliminated five times slower than a single oral dose in rats and mice, which indicates that multiple dosage increased retention of gossypol (Abou-Donia, 1989 ). This agrees with our results in which gossypol concentration in plasma increased with time at the same dosage.
Tissue Measurements. Concentrations of (+)-, ( −)-, and total gossypol in tissue are shown in Figure 6 . No differences ( P > .1) were found within a tissue among heifers fed the GOS, G+2E, and G+4E treatments in tissue gossypol concentrations, but they were greater ( P < .01) than those in CON heifers. Liver (+)-gossypol was greater ( P < .01) than ( −)-gossypol concentrations in heifers fed CSM (GOS, G+2E, and G+4E), and heart and muscle had greater ( P < .05) ( −)-gossypol than (+)-gossypol in the same treatments. The order of (+)-and total gossypol accumulation in tissue was liver > heart > muscle ( P < .05), and, for ( −)-gossypol, it was liver and heart > muscle ( P < .01). Supplemental vitamin E had no effect on total gossypol and the accumulation of its isomers in tissue. Similar results in which (+)-gossypol concentration was greater in liver and ( −)-gossypol was greater in heart and muscle were reported in lambs fed 20 to 30 mg of FG·kg −1 BW·d −1 (Kim et al., 1996) . In contrast to these results, the proportion of gossypol isomers in liver were similar in pigs fed a wide range of gossypolcontaining diets (Knabe et al., 1995) . The major excretory organ for gossypol seems to be the liver in several animals, including swine and rats (AbouDonia, 1989) ; this researcher suggested a pathway of metabolism. Gossypol is absorbed from the gastrointestinal tract, mainly through the small intestine. It enters the liver via the hepatic artery or through the lymph into the hepatic sinusoid and is taken up by Kupffer cells. In the liver, gossypol is metabolized, conjugated, and excreted with the bile into the duodenum. Some of the excreted gossypol is reabsorbed, completing an enterohepatic cycle that may be repeated several times and leading to a gradual excretion via feces.
The mechanism of excretion seems to require an active secretory process that can be saturated. Gossypol accumulation in liver may be related to the tissue susceptibility to gossypol toxicity or that liver is the main route of gossypol metabolism. In addition, gossypol is a lipophilic compound; therefore, it tends to accumulate in tissues or cell fractions containing high amounts of lipid membranes (e.g., mitochondria, lysosomal, and microsomal fractions) (Baran and Ismail, 1993) . Gossypol is cardiotoxic, causing degeneration of cardiac muscle. Our results suggest that because the heart is the second-highest gossypol accumulator of the tissues studied, gossypol has the potential for causing cardiac aberrations. Accumulation of this isomer in liver and heart tissues was similar, and this may be related to the toxicity signs shown during gossypol toxicosis. The ( −)-gossypol is the optically active form that induces fertility impairment in male animals (Wang et al., 1987) .
Liver RET and liver, heart, and muscle b-C concentrations did not differ ( P > .1) among treatments (Table 8) . However, liver RETP concentrations were higher ( P < .05) in the G+2E and G+4E treatments. Vitamin E may protect retinyl esters in the storage globules of the liver cells and thus prevent a rapid breakdown of retinyl ester stored there (Sondergaard, 1972) . Olson (1991) suggested that retinyl ester hydrolase, an enzyme involved in the release of vitamin A from the liver, is regulated by vitamin E status: activated in vitamin E deficiency and inhibited in vitamin E sufficiency. Vitamin E supplementation (G+2E and G+4E) increased ( P < .05) a-T concentration in liver, heart, and muscle (Table 8) . Feeding gossypol did not affect a-T concentration in these tissues (CON vs GOS; P > .1) at a normal level of vitamin E supplementation (30 IU of vitamin E/kg). There was no difference between the two high concentrations of vitamin E supplementation on tissue a-T concentration. These results are similar to those found for plasma a-T concentration.
Trace minerals (i.e., Fe, Cu, Se, and Zn) have been implicated in gossypol metabolism. Heart failure, seen in gossypol toxicosis, is also a clinical sign of Se deficiency. Iron is chelated by gossypol, thus reducing iron's bioavailability. Skutches et al. (1973) suggested that gossypol chelated Fe in the liver of pigs and decreased Fe availability for hemoglobin synthesis. Gossypol also chelates Cu and Zn ions (de Peyster and Wang, 1993) . Yu et al. (1981) reported that gossypoltreated rats had decreased Zn concentration in testis Figure 7 . Effect of cottonseed meal (CSM) and vitamin E on in vitro stimulated lipid peroxidation of liver homogenates. Supplements were CON (∫) = soybean meal + corn + 30 IU of vitamin E/kg; GOS (π) = CSM + corn + 30 IU of vitamin E/kg; G+2E (◊) = CSM + corn + 2,000 IU of vitamin E·animal −1 ·d −1 ; and G+4E (⁄) = CSM + corn + 4,000 IU of vitamin E·animal −1 ·d −1 . Standard errors for each time (T) were T0, .14; T50, .13; T100, .51; and T200, 1.27. and suggested that the chelation of Zn by gossypol may be the cause of its antispermatogenic activity. In our experiment, Cu, Fe, Se, and Zn concentrations in the experimental diets were within normal concentrations (Table 1) , and feeding CSM did not affect ( P > .1) concentrations of Cu, Fe, and Zn in heart, muscle, and liver and Se in liver (Table 9) .
Gossypol inhibits free radical damage to lipid membranes in some studies (Janero and Burghardt, 1988) and stimulates it in others (de Peyster et al., 1984) . Bender et al. (1988) suggested that oxidative injury caused by the generation of reactive oxygen species may be the cause of gossypol toxicity. They found a decrease in the concentration of antioxidants, including a-T, in testis of rats fed gossypol acetic acid. Our data on in vitro-stimulated lipid peroxidation in liver homogenate (Figure 7 ) indicated that, from 50 min of incubation onward, liver from heifers fed CON supplement had greater ( P < .05) MDA production than did liver from the other heifers. Feeding CSM (GOS) did not increase ( P > .1) lipid peroxidation above the CSM plus vitamin E-supplemented animals (G+2E and G+4E). Janero and Burghardt (1988) found that gossypol effectively prevented O 2 − -dependent, Fe-promoted peroxidation of myocardial membrane phospholipids and could attenuate the kinetics and extent of peroxidation. Furthermore, they suggested that the gossypol antioxidant effect happens through the scavenging of lipid radical intermediates. Contrary to our results, de Peyster et al. (1984) found that gossypol, when incubated with rat liver microsomes or human sperm, promotes the formation of reactive oxygen species, causing oxidative injury. A possible explanation for the difference in results is that a metabolic product of gossypol (such as redoxcycling quinone) may be responsible for the ability of gossypol to generate oxygen radicals and cause the side effects associated with gossypol treatment (de Peyster et al., 1984; Janero and Burghardt, 1988 ).
